
GPO PRICE 0 

CFSTl PRICE(S) $ 
1 

Hard copy (HC) 

Microfiche (MF) I Ti? 
ff 653 July 85 

.. I 
I 

NASA CR-72110 

EOS Report 41 IO-QL-9 

QUARTERLY REPORT 

HYDROGEN-OXYGEN ELECTROLYTIC 

REGENERATIVE FUEL CELLS 

M. Klein 

prepared for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

15 October 1966 

CONTRACT NAS3 - 278 1 

Technical Management 
NASA Lewis Research Center 

Cleveland, Ohio 
A w i l i a r y  Power Generation Office 

D. G. Soltis 

ELECTRO-OPTICAL SYSTEMS, INC. 
300 No. Halstead Street  

Pasadena, California 



* 

NOTICE 

This report was prupared as an account of Government sponsored 
work. Neither the Unitud States, nor the National Aeronautics 
and Space Administration (NASA), nor any person acting on 
behalf of NASA: 

A) Makes any warranty or ropresentation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in  this 
report, or hot the use of m y  information, apparatus, 
method, or process disclosed in this report may not 
infringo privately owned rights; or 

8.) Arrumor any liobilitior with rorpoct to tho use of, 
or for domagor nsult ing from tho use of any infor- 
mation, apparatus, method or process disclosed in 
th is  nport. 

As usod abovo, 'porron acting on boholf of NASA' includes 
any employee or contractor of NASA, or omployeu of such con- 
tractor, to the oxtent that such omployoo or contractor of NASA, 
or omployee of such contractor prepares, di sseminatcs, or 
providus occess to, any information pursuant to his  employment 
or contract with NASA, or his o~wploymont w i th  such contractor. 

Requests for copies of this report should be re fer red to 

National Aeronautics and Space Administretion 
Office of Scientific and Technical InforPation 
Attention: AFSS-A 
Washington, D. C. 20546 



5’ 

NASA CR-72110 

EOS Report 4110-QL-9 

QUARTERLY REPORT 

HYDROGEN-OXYGEN ELECTROLYTIC 

REGENERATIVE F U E L  CELLS 

M. Klein 

prepared for  

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

15 October 1966 

CONTRACT NAS3 - 278 I 

Technical Management 
NASA Lewis Research Center 

Cleveland, Ohio 
Auxil iary Power Generation Office 

D. G. Soltis 

ELECTRO-OPTICAL SYSTEMS, INC. 
300 No. Halstead Street  

Pasadena, California 



CONTENTS 

1. INTRODUCTION 

2. SUMMARY 
2. 3 TECEiXCAL CISCLTSSX!X 

3.1 Single Cell Tests 

3.1.1 Ninety Percent Potassium Titanate (KT) - 
10 Percent Asbestos (asb) Matrix Cell Test 

Matrix 
3.1.2 Ninety Percent KT, 10 Percent Polypropylene 

3.1.3 Hydrogen Concentration Cell Tests 
3.1.4 Membrane Cell 

3.1.5 Other Single Cell Tests 

3.2 Multicell Testing 

3.3 500-Watt 34-Cell Unit 

3.4 Potassium Titanate Analysis 

4. coNcLusIoN 
5. PLANS FOR THE NEXT PERIOD 

18 

20 

23 

28 

32 

33 

33 

34 
35 

I 

4110-QL-9 i 



1 
2 

3 

4 
5 
6 

7 

8 

9 
10 
11 

12 

13 

14 
15 

ILLUSTRATIONS 

Cycling Performance of Cell 198 

Cycling Performance of Cell 199 
Cycling Performance of Cell 206 

Cycling Performance of Cell 214 

Cycling Performance of Cell 202 

Cycling Performance of Cell 207 
Cycling Performance of Cell 195 

Cycling Performance of Cell 211 

Cycling Performance of Cell 213 
H Concentration,Cell 202 

H Concentration,Cell 218 

Cycling Performance of Membrane Sandwich Cell229 

Cycling Performance of Cell 212 

Cycling Performance of Cell 217 

Cycling Performance of Cell 216 

2 

2 

4 1 10 -QL - 9 ii 

4 
10 
12 

13 

15 
16 

17 

19 
21 
22 

24 

27 

29 
30 

31 



1. INTRODUCTION 

This  r e p o r t  reviews t h e  progress  made on t h e  development of a 

r egene ra t ive  hydrogen-oxygen f u e l  c e l l  under Cont rac t  NAS3-2781 dur ing  

i'ne period o i  1 2 u l j i  1366 thioiigh 32 S e p t e i & ~ r  1966. The 

o b j e c t i v e  i s  t h e  development of  a n  e l e c t r o l y t i c a l l y  r e g e n e r a t i v e ,  

hydrogen-oxygen f u e l  ce l l  t h a t  w i l l  b e  s u p e r i o r  i n  performance t o  

c u r r e n t l y  a v a i l a b l e  rechargeable  b a t t e r i e s .  The device  under develop- 

ment c o n s i s t s  of a c e l l  s t a c k  t h a t  is used as an e l e c t r o l y z e r  dur ing  

charge pe r iods  and as a f u e l  c e l l  during d ischarge  pe r iods .  I n t e g r a l  

gas s t o r a g e  tanks are used t o  conta in  t h e  hydrogen and oxygen gener- 

a t e d  dur ing  charge.  Such a device  o f f e r s  advantages i n  t h e  area of 

watt-hours-per-pound, high ambient temperature ope ra t ion ,  and g r e a t e r  

c y c l e  l i f e  t han  t h a t  which can be obtained from e x i s t i n g  secondary 

b a t t e r i e s .  Phase I cons i s t ed  of design,  development, and t e s t i n g  of 

a nominal 75W, 44-watt-hour 6 - c e l l  u n i t  t o  demonstrate t h e  f e a s i b i l i t y  

of a m u l t i c e l l  r egene ra t ive  device.  This  phase has  been completed. 

Phase I1 (as modified) c o n s i s t s  of inves t iga t ion  of t h e  ma t r ix ,  e l ec -  

t r o d e  combinations t o  improve cyc le  l i f e ,  and t h e  des ign  and develop- 

ment of  a 500W, 600-watt-hour, 34-cel l  u n i t  of minimum weight f o r  

e v a l u a t i o n  as a f l i g h t  prototype.  

4110-QL-9 1 



2. SUMMARY 

During t h i s  per iod  p r i m a r y  emphasis w a s  p laced  on t h e  t e s t i n g  of 

s i n g l e  ce l l s  wi th  va r ious  e l ec t rode  and ma t r ix  s t r u c t u r e s  t o  improve 

e x r p l o  life c s p s l ~ i l i t i e ~  tc nbtz in  2 S e t t e r  understandinn ~f z&o,s 
- J - - -  ---- t, 

of d e t e r i o r a t i o n  of  ce l l  performance. S i n g l e - c e l l  l i f e  of 952 cyc le s  

w a s  achieved w i t h  a 90 pe rcen t  potassium t i t a n a t e - 1 0  pe rcen t  a sbes tos  

mat r ix .  This w a s  t he  longes t  ope ra t iona l  l i f e  achieved t o  da te .  

Gradual degrada t ion  i n  performance i s  s t i l l  observed; t h i s  may be 

caused by the  10 pe rcen t  a s b e s t o s  c o n s t i t u e n t .  Attempts t o  s u b s t i t u t e  

ano the r  i n e r t  f i b e r  material f o r  the  a s b e s t o s  have n o t  proved success-  

f u l  as y e t  due t o  t h e  development o f  c r o s s  gas leakage w i t h  these  

type m a t s .  

b a r r i e r  membrane sandwiched between two l a y e r s  o f  absorbent  material 

o f f e r s  a p o s s i b l e  s o l u t i o n  t o  t h e  recombination problem and thus  may 

enable  longer  c y c l e  l i f e .  

An a l t e r n a t e  approach fo r  t h e  ma t r ix  which u t i l i z e s  a gas  

4 1 1 0 - QL- 9 2 



3. TECHNICAL DISCUSSION 

3.1 S ing le  C e l l  Tests 

Twenty-nine s i n g l e - c e l l  t e s t s  were conducted dur ing  t h i s  

pe r iod  to evalua te  the  performance of var ious  e l e c t r o d e  and matrix 

s t r u c t u r e s .  T e s t  r e s u l t s  and cons t ruc t ion  v a r i a b l e s  o f  t hese  cells  

are summarized i n  Table I. 

3.1.1 Ninety Percent  Potassium T i t a n a t e  (KT) - 10 Percent 
Asbestos (asb) Matrix C e l l  T e s t  

During the  preceding r e p o r t  per iod ,  t e s t i n g  w a s  

s t a r t e d  on cell 198. 

p l a t e d  n i c k e l  s c reen  p l a t i n i z e d  by e l e c t r o d e p o s i t i o n  of platinum 

(25 mg/cm ) on the  s u r f a c e  of the  screen. 

a chemically p l a t i n i z e d  porous n i cke l  plaque. 

c e n t  KT and 10 percent  asb.  

The oxygen e l ec t rode  of t he  cell  w a s  a gold- 

2 The hydrogen e l e c t r o d e  w a s  

The matrix w a s  90 per-  

A s  shown i n  Fig.  1, t h e  cel l  w a s  cycled cont inuously 

f o r  a per iod  of 952 cyc le s .  During the  cyc l ing ,  t h e r e  w a s  a gradual  

i n c r e a s e  i n  the  charge vo l t age  and a decrease i n  d ischarge  vol tage .  

A f t e r  952 cyc le s  a s h o r t  c i r c u i t  developed w i t h i n  the  cell ,  causing 

t h e  cel l  vo l t age  t o  drop t o  0 during charge and discharge.  The t e s t  

w a s  d i scont inued  a t  t h i s  f a i l u r e .  

Since the  load bank used t o  test  the  cells w a s  a 

f i x e d  r e s i s t o r ,  t he  d ischarge  cur ren t  decreased as the  c e l l  vo l tage  

degraded dur ing  d ischarge .  

c u r r e n t  ranged from 15 t o  18A, b u t  a s  the  vo l t age  began t o  gradual ly  

drop dur ing  t h e  lat ter cyc l ing  sequences, t he  c u r r e n t  degraded 

s t e a d i l y .  A t  t he  s tar t  of t he  952nd d ischarge  c y c l e  the  c u r r e n t  meas- 

ured  15A; i t  dropped during discharge t o  1OA a t  the  end of t he  cyc le .  

I n  the  e a r l y  cyc l ing  phases d ischarge  

4 1 10- QL- 9 3 
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Since the  ampere-hours used dur ing  the  d ischarge  

c y c l e  decreased w i t h  v o l t a g e  and cu r ren t  f a l l o f f ,  t he  recharg ing  t i m e  

a l s o  reduced. During t h e  charge per iods of t he  l a t te r  cyc le s  the  

p r e s s u r e  switch would c u t  off when the  p re s su re  reached 350 p s i ,  and 

the  ce l l  would experience a no-charge/no-discharge open-c i r cu i t  con- 

d i t i o n  f o r  5 t o  10 minutes before  the next  d i scharge  c y c l e  began. 

This  cond i t ion  w a s  e s t a b l i s h e d  t o  maintain a uniform cyc l ing  pe r iod  

of 65 minutes f o r  charging and 35 minutes f o r  d i scharg ing .  E v e n w i t h  

t h e  cons ide ra t ions  of degrada t ion  and reduced performance observed, 

t h i s  ce l l  t es t  r e p r e s e n t s  t he  b e s t  performance level achieved t o  da te .  

The 952 cyc le s  a t  100 min/cycle  are  equ iva len t  t o  1585 hours  (or a 

pe r iod  of 66 days) - more than  two months of cont inuous opera t ion .  

I n  examination of the  disassembled c e l l  it w a s  not  

p o s s i b l e  t o  l o c a t e  the  area where the i n t e r n a l  s h o r t  had developed. 

S ince  the  e l e c t r o d e s  w e r e  s t u c k  t o  the ma t r ix ,  i t  w a s  necessary  t o  

r i p  p a r t  of t h e  e l e c t r o d e s  and t h e  mat r ix  i n  o r d e r  t o  s e p a r a t e  the  

ce l l  components. 

t o  each of  t h e  e l ec t rodes .  I t  appeared t o  be adhered e l e c t r o d e  m a t e -  

r i a l  t h a t  had been r ipped  away when the  e l e c t r o d e s  were removed. The 

i n t e r n a l  po r t ions  of  t h e  ma t r ix  were s l i g h t l y  gray i n  c o l o r  b u t  showed 

no s u b s t a n t i a l  d i f f e r e n c e  from matr ixes  t h a t  had been examined a f t e r  

lesser cyc l ing  per iods .  Analysis  of t h e  mat r ix  f o r  e l e c t r o l y t e  con- 

c e n t r a t i o n  and plat inum h a s  n o t  y e t  been completed, b u t  w i l l  be 

covered during t h e  next  per iod .  

s i s t e d  of a n  American Cyanamid 9 mg platinum/cm2 oxygen e l e c t r o d e  and 

a p l a t i n i z e d  porous n i c k e l  plaque hydrogen e l e c t r o d e  w i t h  a 90 percent  

KT-10 pe rcen t  a s b  matrix. The oxygen e l e c t r o d e  used i n  t h i s  ce l l  had 

been previous ly  used i n c e l l 1 9 6  which r a n  601cyc le s ,  a t  which t i m e  i t  

developed slow c r o s s  gas  leakage. The ce l l  w a s  t e s t e d  cont inuously 

f o r  405 cyc le s  a f t e r  which t h e  test was discont inued .  

t h e  performance of t h i s  cel l .  A s  shown, t he re  w a s  a gradual  

There w a s  black d i s c o l o r a t i o n  on , the  ma t r ix  ad jacen t  

C e l l  199, put  on t e s t  dur ing  t h e  las t  per iod ,  con- 

F igu re  2 shows 

4 1 1 0 - QL- 9 9 
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, 

. 
degrada t ion  i n  performance wirk  cycl ing.  

t o  examine t h e  i n t e r n a l  components, s i n c e  i t  appeared no more u s e f u l  

in format ion  could be obta ined  from t h i s  cel l .  

The t e s t  w a s  d i scont inued  

C e l l  206 cons is ted  of t he  s a m e  oxygen e l e c t r o d e  from 

c e l l  199 and a new EOS porous n i cke l  plaque hydrogen e l e c t r o d e  w i t h  a 

new ma t r ix  composed of 90 pe rcen t  KT and 10 percent  asb .  The vo l t age  

performance of va r ious  c y c l e s  of t h e c e l 1 , c y c l e d  700 t i m e s ,  is  shown 

i n  Fig.  3 .  As can  be seen,  chere  is a graduai  i n c r e a s e  i n  the  charg- 

i ng  vo l t age  wi th  cyc l ing  and a gradual  decrease  i n  the  d ischarge  

v o l t a g e  wi th  cyc l ing .  However, the i n i t i a l  performance of  t he  cel l  

showed t h a t  the  oxygen e l e c t r o d e  had not  been permanently degraded as 

a r e s u l t  of i t s  use i n  the  previous ce l l  tests.  

Once aga in  the  oxygen e l e c t r o d e  from cell  206 w a s  

reused  and assembled i n  cel l  214, which conta ined  a new porous n i c k e l  

plaque hydrogen e l e c t r o d e  wi th  a new ma t r ix  of 90 pe rcen t  KT and 10 

p e r c e n t  asb.  The hydrogen e l ec t rode  w a s  a new one s i n c e  i n  disassem- 

b l y  t h e  hydrogen e l e c t r o d e  of c e l l  206 was damaged and could  n o t  be 

reused.  me cel l  w a s  cycled cont inuously f o r  464 cyc le s  and then  

developed a slow gas recombination. F igure  4 shows the  vo l t age  per-  

formance of t he  c e l l  a t  va r ious  cycles .  When the  ce l l  w a s  f r e s h ,  t h e  

performance was as good as the  o r i g i n a l  ce l l s .  

Table I1 summarizes the  series of ce l l s  employing 

A t o t a l  of 1629 cyc le s  w a s  accumulated t h e  s a m e  oxygen e l ec t rode .  

w i t h  t h e  same oxygen e l e c t r o d e ;  i n  every case t h e  performance w a s  

equa l  t o  i t s  o r i g i n a l  level. 

TABLE I1 

PERFORMANCE SUMMARY, REUSED OXYGEN ELEClRODE 

- C e l l  Cycles Test  Resul t s  

196 60 Developed slow gas recombination 

199 405 Gradual degrada t ion  i n  performance 

206 700 Gradual degrada t ion  i n  performance 

2 14 4 64 Developed slow gas recombination 

To ta l  l i f e :  1629 c y c l e s  

4 11 O-QL- 9 11 
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C e l l  202 cons is ted  o f  a n  American Cyanamid oxygen 

e l e c t r o d e  which had been previously used i n  c e l l  195, and a new porous 

n i c k e l  plaque p l a t i n i z e d  hydrogen e l ec t rode .  The c e l l  w a s  subjec ted  

t o  t h e  s tandard  test and opera ted  cont inuously f o r  387 cyc le s ,  a t  

which time a n  i n t e r n a l  s h o r t  developed w i t h i n  t h e  c e l l  and t h e  test 

w a s  d i scont inued .  The cyc l ing  performance i s  shown i n  Fig.  5. The 

ce l l  w a s  disassembled and t h e  oxygen e l e c t r o d e  w a s  recovered i n  good 

c o n d i t i o n  and reassembled wi th  a new hydrogen e l e c t r o d e  and matrix 

and des igna ted  c e l l  207. This cell showed i n i t i a l  good performance, 

bu t  developed a slow gas recombination on t h e  27th cyc le  and t h e  

charge p res su re  d i d  not rise above 150 p s i .  The test w a s  then  d i s -  

cont inued.  The performance of cell 207 i s  shown i n  Fig.  6. The 

oxygen e l e c t r o d e  of t h i s  c e l l  had a l s o  been employed i n  c e l l  195. 

That ce l l  had been subjec ted  t o  278 c y c l e s ,  t h e  r e s u l t s  of which are 

shown i n  Fig. 7. Therefore ,  t h e  t o t a l  accumulated number of cyc le s  

sub jec t ed  t o  t h e  oxygen e l e c t r o d e  was 692 cycles .  I n  each case when 

t h e  cel l  w a s  reassembled w i t h  a new ma t r ix  and hydrogen e l e c t r o d e  t h e  

i n i t i a l  performance r e tu rned  t o  the  o r i g i n a l  level of approximately 

0.8 t o  0.85V on d ischarge  a t  17 t o  18A. The r e s u l t s  of t h i s  and the  

prev ious  series of tests seemed t o  i n d i c a t e  t h a t  t h e  cause i n  mode of 

d e t e r i o r a t i o n  encountered wi th  the t i t ana te  matrix type cel ls ,  now 

under s tudy ,  i s  cen te red  i n  t h e  mat r ix  o r  hydrogen e l e c t r o d e  and no t  

t he  oxygen e l e c t r o d e ,  as previously concluded i n  asbes tos- type  cells. 

C e l l  205 cons is ted  of American Cyanamid oxygen 

e l e c t r o d e  and a p l a t i n i z e d  n i c k e l  plaque hydrogen e l e c t r o d e  w i t h  a 

m a t r i x  of 90 pe rcen t  KT, 10 percent  asb.  The ce l l  w a s  cycled 52 

times and showed good i n i t i a l  performance, b u t a t  the  53rd cyc le ,  i t  

e x h i b i t e d  a slow recombination, and was  unable  t o  recharge  t h e  cell  

above 200 p s i ;  t h e  tes t  w a s  discont inued.  

SinGle ce l l s  208 and 210 contained e l e c t r o d e s  t h a t  

had been previous ly  used i n  6 -ce l l  u n i t s  109 and 110 (descr ibed  i n  the  

e i g h t h  q u a r t e r l y  r e p o r t ) .  Both c e l l s  contained matrices of t he  type 

used i n  the  6 - c e l l  u n i t  (90 percent  KT, 10 percent  asb) .  

4 1 10-QL- 9 14 
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Cel l  208 was cycled f o r  2 1  times and showed i n i t i a l  

good performance. A t  t h a t  t i m e  the test  w a s  discont inued.  

C e l l  210, conta in ing  a d i f f e r e n t  set  of e l e c t r o d e s ,  

exh ib i t ed  poor performance by d ischarg ing  a t  0.6 t o  0.7V per  c e l l ,  

charging approximately 1.8V per  c e l l .  

210 confirmed the  previous observa t ion  on 6 - c e l l  t e s t i n g  t h a t  t he  

e l e c t r o d e s  had somehow been poisoned i n  the  i n i t i a l  t e s t i n g  of 6 -ce l l  

u n i t  109, and t h a t  w a s  t h e  cause for  t he  poor performance of 6 - c e l l  

u n i t  110. Apparently,  t he  only poss ib l e  poison w i t h i n  the  u n i t  as 

previous ly  observed was the  cor ros ion  products  of t h e  b i p o l a r  plates 

due to  the  imperfect ions i n  p l a t i n g  of the  p l a t e s  used i n  6 -ce l l  u n i t  

109. 

This poor performance of c e l l  

3.1.2 Ninety Percent  KT, 10 Percent  Polypropylene Matrix 

C e l l  211 cons is ted  of an  American Cyanamid oxygen 

e l e c t r o d e  and a porous n i c k e l  plaque hydrogen e l e c t r o d e  wi th  a matrix 

c o n s i s t i n g  of 90 percent  KT and 10 percent  polypropylene f i b e r s .  The 

s u b s t i t u t i o n  of polypropylene f i b e r s  f o r  a sbes tos  in t he  matrix was  

an  a t t e m p t  t o  e l imina te  a sbes tos  (which apparent ly  reacts gradual ly  

w i t h  t h e  e l e c t r o l y t e ) .  The c e l l  w a s  cycled 50 times,  showing i n i t i a l  

good vo l t age  performance as shown i n  Fig.  8 .  Throughout t he  cyc l ing  

of t h e  c e l l ,  t he  charge and discharge vo l t age  remained r e l a t i v e l y  

stable; during the  l as t  f i v e  cyc les ,  however, a slow gas recombination 

took p l ace  w i t h i n  the  c e l l  such t h a t  t he  ce l l  p re s su re  d id  not  reach 

t h e  f u l l y  charged l e v e l .  On subsequent d i scharges  t h e r e  was a f a l l o f f  

i n  t h e  d ischarge  vol tage .  The slow gas recombination t h a t  occurred i n  

t h e  cell  w a s  apparent ly  due t o  the s t r u c t u r a l  weakness and imperfect ion 

of t h e  matrix; thus ,  no conclusion could be  drawn as t o  the  a b i l i t y  of 

t h i s  type of  mat r ix  t o  enhance cycle l i f e  of t h e  cell .  

Cells 213 and 215 were a d d i t i o n a l  a t t empt s  t o  use a 

ma t r ix  of 10 percent  polypropylene f i b e r s .  I n  both cases ,  t h e  oxygen 

e l e c t r o d e s  were American Cyanamid types and t h e  hydrogen e l ec t rodes  

4 11 0- QL- 9 18 
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were p l a t i n i z e d  n i c k e l  porous plaques.  C e l l  213 w a s  cyc led  82 t i m e s  

w i th  r e l a t i v e l y  s t a b l e  vo l t age  performance, as  shown i n  Fig.  9. 

Beyond t h a t  p o i n t ,  a slow gas recombination dur ing  the  charge cyc le  

took p l a c e  and t h e  ce l l  d i d  not  reach a f u l l  s t a t e  of charge.  On 

subsequent d i scharges  t h e r e  w a s  a rapid f a l l o f f  i n  d i scha rge  vo l t age  

as t h e  cel l  p re s su re  dropped to  l e v e l s  of  50 p s i  and below. C e l l  215 

showed i n i t i a l  good performance, but on t h e  30th  c y c l e  i t  a l s o  

developed a slow gas  recombination, r e s u l t i n g  i n  a f a l l o f f  i n  t h e  d i s -  

charge v o l t a g e  as t h e  p re s su re  decreased below 50 p s i .  

Cells 223 and 224were  t h e  f i n a l  a t t empt s  w i t h  a 

ma t r ix  of 10 pe rcen t  polypropylene f i b e r s .  Each of t h e  cells w a s  

assembled w i t h  a n  American Cyanamid oxygen e l e c t r o d e  and porous n i c k e l  

plaque hydrogen e l ec t rodes .  Cel l  223 developed a slow gas recombina- 

t i o n  on t h e  22nd c y c l e  and cell  224 developed a slow gas recombination 

on t h e  24th cyc le .  

The performance wi th  the  10 pe rcen t  polypropylene 

matrixes of  t h e  f i v e  cel ls  r e s u l t e d  i n  a gradual  slow recombination 

a f t e r  a pe r iod  of  cyc l ing .  The method of f a b r i c a t i n g  these  mat r ixes  

w a s  appa ren t ly  inadequate ,  and the  r e s u l t i n g  mat r ixes  had f laws o r  

p inho les  t h a t  developed w i t h  cycling. 

From t h e  r e s u l t s  obtained,  i t  is  apparent  t h a t  t h i s  

type  o f  s t r u c t u r e  i s  no t  capable  of wi ths tanding  c r o s s  gas  leakage. 

D i f f e r e n t  techniques w i l l  have t o  be employed t o  f a b r i c a t e  chemically 

i n e r t  mat r ixes  wi thout  a sbes tos  cons t i t uen t s .  

3.1.3 Hydrogen Concentrat ion C e l l  Tes ts  

Based on some o f  t he  previous r e s u l t s  i n d i c a t i n g  

t h a t  modes of degrada t ion  now encountered are caused by t h e  ma t r ix  

and/or  hydrogen e l e c t r o d e ,  a new hydrogen concen t r a t ion  cell  tes t  w a s  

set  up and des igna ted  ce l l  209. 

n i c k e l  plaque e l e c t r o d e s  were employed. 

and 10 percent  asb.  The c e l l  was  run  i n  a continuous concent ra t ion  

mode a t  18A (equiva len t  t o  100 mA/cm ). Figure  10 shows t h e  vo l t age  

performance of t h i s  cel l  as a func t ion  of t i m e .  

In t h i s  case, two p l a t i n i z e d  porous 

The ma t r ix  w a s  90 percent  KT 

2 
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A s  can be seen,  a t  approximately t h e  500-hour p o i n t  

t h e r e  w a s  a n  inc rease  i n  the  vol tage  which l eve led  o f f  a g a i n  and 

remained r e l a t i v e l y  f l a t  t o  t h e  1415-hour p o i n t  where t h e  test  w a s  

discont inued.  This tes t  seems t o  i n d i c a t e  t h a t  t he  hydrogen elec- 

t rodes  are no t  s u b s t a n t i a l l y  a f f ec t ed  by long-term use i n  t h e  concen- 

t r a t i o n  mode. 

C e l l  218 w a s  a repeat of t he  hydrogen concen t r a t ion  

ce l l  test. Both e l e c t r o d e s  cons is ted  of p l a t i n i z e d  porous n i c k e l  

plaques and t h e  matrix w a s  made of  90 percent  KT and 10 percent  asb. 

The cons t ruc t ion  of t h e  cel l  w a s  i d e n t i c a l  t o  t h a t  o f  ce l l  209. The 

c e l l  w a s  pu t  on a cont inuous-current  load of 18A equ iva len t  t o  100 

mA/cm . The r e s u l t s  of t he  ce l l  are shown i n  Fig.  11. To d a t e  the  

cell  has  achieved i n  excess  of 600 hours of l i f e  and is  s t i l l  under 

test. The vo l t age  o f  t h e  c e l l  i s  s t a b l e  a t  approximately 0 . 1 V  which 

i s  lower than  t h e  v o l t a g e  achieved w i t h  ce l l  209. The r e s u l t s  of t h e  

two concen t r a t ion  cells show t h a t  t he re  is  a very  slow n e g l i g i b l e  

d e t e r i o r a t i o n  of t h e  hydrogen e l ec t rodes  when they are subjec ted  

cont inuous ly  e i t h e r  t o  t h e  charge  o r  d i scharge  mode. I n  a d d i t i o n ,  i f  

a n  e l e c t r o l y t e  r e a c t i o n  i s  occurr ing wi th  the ma t r ix  and t h e  e l e c t r o -  

l y t e ,  t h i s  r e a c t i o n  is no t  a f f e c t i n g  t h e  performance of  t he  hydrogen 

e l e c t r o d e s  . 

2 

3.1.4 Membrane C e l l  

Many of  the  c e l l  tests employing t h e  10 pe rcen t  

a s b e s t o s  o r  polypropylene matrixes r e s u l t e d  i n  t h e  development of 

c r o s s  gas leakage as cyc l ing  proceeded. This  c r o s s  gas leakage appar- 

e n t l y  occurs  due t o  s t r u c t u r a l  changes i n  the  ma t r ix  o r  imperfec t ions  

r e s u l t i n g  from t h e  process ing  techniques employed. To overcome t h i s  

de f i c i ency ,  a n  a l t e r n a t e  approach i s  being considered,  which involves  

u s e  of  a t h i n  membrane material t ha t  would be loca ted  between two 

l a y e r s  of a n  absorbent  matrix. 'Ihis "sandwich" i s  capable  of s t o r i n g  

and hold ing  a l a r g e  q u a n t i t y  of e l e c t r o l y t e  y e t  is  r e s i s t a n t  t o  c ros s  

41 10 -QL- 9 23 
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gas leakage. Since t h e  absorbent  matr ix  i n  t h i s  c o n f i g u r a t i o n  would 

no t  have t o  prevent  t he  c r o s s  gas leakage, i t  would be p o s s i b l e  t o  

reduce ma t r ix  compression and inc rease  t h e  e l e c t r o l y t e  quan t i ty ,  

thereby poss ib ly  inc reas ing  performance and c a p a c i t y .  

C e l l  222 w a s  t h e  f i r s t  a t tempt  a t  such a configura-  

t i on .  It  cons i s t ed  of a membrane of r a d i a t e d  polye thylene  (permion 

300) normally employed i n  convent ional  secondary b a t t e r i e s  and a 

l a y e r  of 90 percent  KT and 10 percent  a sb  on e i t h e r  s i d e  of  t h e  mem- 

brane.  

t he  backup sc reens  behind the  gas  e l e c t r o d e s  and 25 grams of e l e c t r o -  

l y t e  w a s  impregnated i n  each h a l f  of t he  matr ix .  The c e l l  w a s  p u t  on 

test and sub jec t ed  t o  f i v e  cyc les .  The test w a s  d i scont inued  because 

the  ce l l  exh ib i t ed  very poor performance. 

The compression on t h e  membrane w a s  reduced by e l imina t ing  

C e l l  226 w a s  similar i n  cons t ruc t ion  t o  c e l l  222 and 

c o n s i s t e d  of a sandwich ma t r ix  of a r a d i a t e d  polyethylene membrane, 

and two l a y e r s  of t h e  KT w i t h  asb.  However, i n  t h i s  case, the  backup 

sc reens  were used behind t h e  e l ec t rodes  and the  e l e c t r o l y t e  quan t i ty  

was  reduced t o  20 gm per  mat r ix .  The c e l l  w a s  pu t  on test and sub- 

j e c t e d  t o  four  c y c l e s ;  t he  test  was d iscont inued  when the  c e l l  showed 

poor performance. 

C e l l  227 w a s  similar i n  cons t ruc t ion  t o  ce l l  226 

except  t h a t  a 0.05-inch spacer  between t h e  e l e c t r o d e s  w a s  used in s t ead  

of a 0.04-inch type normally used i n  t h e  c e l l  assemblies .  This ce l l  

w a s  damaged due t o  an excess ive  d i f f e r e n t i a l  p re s su re  t h a t  occurred i n  

t h e  f lu sh ing ,  and t h e  ce l l  w a s  never subjec ted  t o  tes t .  

C e l l  228 cons is ted  of a membrane made of woven Teflon 

c l o t h  between two l a y e r s  of KT with 10 pe rcen t  asb.  The ce l l  w a s  

cyc led  39 t i m e s  b u t  exh ib i t ed  poor performance. Apparently,  t h e  non- 

w e t t i n g  n a t u r e  of t h e  woven Teflon material  r e s u l t e d  i n  a high c e l l  

impedance. 

C e l l  229 cons is ted  of a n  American Cyanamid type 

oxygen e l ec t rode ,  a porous n i c k e l  plaque hydrogen e l ec t rode ,  and a 

4 11 0 - QL- 9 25 



mat r ix  t h a t  w a s  made of a sandwich of two l a y e r s  of KT and 10 percent  

a sb  wi th  a c e l l u l o s e  membrane, designated FSC (a l so  employed i n  con- 

ven t iona l  b a t t e r i e s ) .  I t  was r e a l i z e d  t h a t  t h i s  type of membrane 

would not  wi ths tand  the  h igh  concent ra t ion  e l e c t r o l y t e  e l eva ted  t e m -  

p e r a t u r e  condi t ions  i n  the c e l l  very long,  bu t  i t  w a s  f e l t  t h a t  f o r  

f e a s i b i l i t y  t h i s  test should be conducted. The cell  w a s  assembled 

wi th  a 0.05-inch spacer ,  and 20 grams of e l e c t r o l y t e  i n  each of t h e  

two mat r ix  halves .  

ance. The r e s u l t s  are shown i n  Fig. 12. The c e l l  has achieved 13 

cyc le s  t o  d a t e ,  and performs s i m i l a r l y  t o  cells that d i d  not  con ta in  

membranes, demonstrating t h a t  t he  membrane approach i s  f e a s i b l e  and 

does n o t  cause excessive inc reases  i n  i n t e r n a l  impedance. 

The cel l  was put on test and showed good perform- 

C e l l  230 cons i s t ed  of  an  American Cyanamid type 

oxygen e l ec t rode ,  a porous n i c k e l  hydrogen e l ec t rode ,  w i th  a sandwich 

matrix c o n s i s t i n g  of  r a d i a t e d  polyethylene membrane and two l a y e r s  of 

K T w i t h  10 percent  asb.  This c e l l  a l s o  contained 20 grams of e l e c t r o -  

l y t e  per  matrix w i t h  a 0.05-inch spacer similar t o  ce l l  229. The 

f i r s t  c y c l e  of t h i s  cel l  showed good Performance, and t h e  cel l  i s  

s t i l l  on t e s t .  

The use  of a membrane conf igu ra t ion  o f f e r s  s eve ra l  

p o t e n t i a l  s i g n i f i c a n t  advantages:  (1) c r o s s  gas leakage can v i r t u a l l y  

be e l imina ted ,  (2) i t  inc reases  the scope of types of matrix materials 

t h a t  can be used f o r  e l e c t r o l y t e  absorbency, and (3) i t  reduces the 

s t r i n g e n t  phys ica l  requirements on a matr ix .  With regard  t o  the  t h i r d  

advantage,  mat r ixes  inhe ren t ly  must have a c h a r a c t e r i s t i c  of h igh  

q u a n t i t y  of e l e c t r o l y t e  absorp t ion ,  and so must be somewhat porous, 

y e t  they should be nonporous t o  the e x t e n t  of prevent ing c r o s s  gas 

leakage. 

Tests have demonstrated the  f e a s i b i l i t y  of a membrane 

sandwich ce l l  by v i r t u e  of the  s a t i s f a c t o r y  performance of such a cell.  

It i s  f e l t  t h a t  t he  approach warrants  f u r t h e r  e f f o r t  t o  determine the  

c o r r e c t  matrix-membrane e l e c t r o l y t e  compression r a t i o  t o  ob ta in  s t a b l e  

performance. 
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3.1.5 Other S ing le  C e l l  Tests 

C e l l  212 cons i s t ed  of a n  American Cyanamid oxygen 

e l e c t r o d e  conta in ing  plat inum of 40 mg/cm 

type  e l e c t r o d e s  which c o n t a i n  9 mg/cm ). 

KT and 10 percent  asb ;  t he  hydrogen e l e c t r o d e  w a s  t h e  s tandard  n i c k e l  

porous plaque type. 

cyc les .  The vo l t age  performance a t  va r ious  cyc le s  is  shown i n  Fig. 13. 

A s  can  be seen,  t h e r e  w a s  a graduai  degrariaEion i n  peiiuruiZLics with 

cycl ing .  I n  a d d i t i o n ,  t h i s  cel l  exhib i ted  t h e  slow gas  recombination 

which r e s u l t e d  i n  a r ap id  f a l l o f f  i n  the  vo l t age  performance during 

d i scha rge  i n  the  l a t t e r  cyc le s .  

cell unwashed and preassembled wi th  a new mat r ix  c o n s i s t i n g  of the  

same type. This new c e l l  (designated 217) w a s  cyc led  cont inuously f o r  

432 c y c l e s  t o  a p o i n t  of  slow gas  recombination. 

2 (as opposed t o  t h e  s tandard  
2 The ma t r ix  w a s  90 pe rcen t  

The c e l l  w a s  subjec ted  t o  418 charge/discharge 

The e l e c t r o d e s  w e r e  removed from t h i s  

The r e s u l t s  shown i n  Fig. 14 i n d i c a t e  t h a t  a n  
2 American Cyanamid e l e c t r o d e  of  40 mg.Pt/cm 

characteristics as t h e  9 mg Pt/cm 

has  t h e  same performance 
2 e l e c t r o d e s  normally used. 

2 
C e l l  216 cons is ted  of the s tandard  9 mg. Pt/cm 

American Cyanamid e l e c t r o d e s  f o r  both t h e  hydrogen and oxygen s i d e s  

and a ma t r ix  of 90 pe rcen t  KT, 10 percent  asb.  

e l e c t r o d e  w a s  employed on t h e  hydrogen s i d e  t o  see i f  i t s  use  would 

improve performance and l i f e .  

Fig.  15. A s  can be seen ,  a gradual d e t e r i o r a t i o n  of charge and dis- 

charge  vo l t age  was observed. 

than  t h a t  normally obta ined  wi th  the n i c k e l  plaque hydrogen e l ec t rode  

cells .  

The American Cyanamid 

The cyc l ing  r e s u l t s  are  shown i n  

This r a t e  of degrada t ion  w a s  g r e a t e r  

C e l l  219 cons is ted  of  an  American Cyanamid oxygen 

e l e c t r o d e ,  a porous n i c k e l  plaque hydrogen e l e c t r o d e ,  and a 90 percent  

KT, 10 percen t  a sb  mat r ix .  The spacing between t h e  e l e c t r o d e s  w a s  

i nc reased  by removing t h e  gas  backup screens  and a n  excess  of e l e c t r o -  

l y t e  w a s  added t o  t h e  matrix. This t es t  w a s  an  a t tempt  t o  see i f  

i n c r e a s i n g  the  e l e c t r o l y t e  quan t i ty  and reducing the  compression would 
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improve performance and reduce c r o s s  gas  leakage. The cel l  showed 

c r o s s  gas  leakage a f t e r  85 cyc les ,  i n d i c a t i n g  t h a t  t h i s  approach i s  

n o t  s a t i s f a c t o r y .  To f u r t h e r  eva lua te  t h i s  type of c e l l  cons t ruc t ion ,  

two a d d i t i o n a l  cel ls  (220 and 221) w e r e  assembled, us ing  e l e c t r o d e s  

i d e n t i c a l  w i th  the  types of ce l l  219. Standard f u e l  c e l l  grade 

a s b e s t o s  (0.060 inch  th ick)  w a s  used as t h e  ma t r ix  s i n c e  i t  w a s  f e l t  

t h a t  t h i s  matrix material was  more uniform than t h e  titanate matrixes 

and would thus  prevent  c ros s  gas  leakage. Once aga in ,  50 grams 01 

40 percen t  e l e c t r o l y t e  w a s  impregnated i n  the  matrix. C e l l  220 

exh ib i t ed  a h igh  i n t e r n a l  impedance i n d i c a t i n g  t h a t  t h e r e  was  poor 

e l e c t r o d e - e l e c t r o l y t e  c o n t a c t  due t o  t he  l a r g e  spacing between elec- 

t rodes ;  t h e  cell  w a s  n o t  sub jec t ed  t o  test. C e l l  221was  sub jec t ed  

t o  15 cyc le s  a t  which t i m e  i t  developed c r o s s  gas  leakage. Consider- 

i n g  t h e  r e s u l t s  of t he  previous tests, t h i s  e l e c t r o d e  m a t r i x  config-  

u r a t i o n  d o e s n ' t  appear t o  o f f e r  any promise of improvement. 

3.2 Multicell Tes t ing  

Based on the  promising performance i n  single cells using 

t h e  American Cyanamid oxygen e l ec t rode ,  p l a t i n i z e d  n i c k e l  plaque 

hydrogen e l e c t r o d e  conf igu ra t ion ,  and a ma t r ix  of KT w i t h  10 percent  

asb ,  a new 6 -ce l l  u n i t  w a s  b u i l t  dur ing t h i s  pe r iod  t o  be subjec ted  

t o  test. During checkout of t h e  c e l l  s t a c k ,  t he  u n i t  i s  sub jec t ed  t o  

s l i g h t  d i f f e r e n t i a l  p re s su re  t o  determine i f  any c r o s s  leakage e x i s t s .  

I n  t h i s  checkout, i t  w a s  found t h a t  t h e r e  w a s  a n  apprec i ab le  c r o s s  gas 

leakage  through t h e  mat r ixes  which would have r e s u l t e d  i n  a slow 

recombinat ion w i t h i n  t h e  s t ack ;  the u n i t  w a s  t h e r e f o r e  disassembled. 

An examination of t h e  mat r ixes  revea led  no obvious area where the  

c r o s s  leakage w a s  occur r ing ,  except t h a t  many of the  matrixes w e r e  

found t o  be th inne r  i n  t h e  c e n t e r  than on the  edges. A review of the  

p rocess  technique of t h e  mat r ixes  revea led  t h a t  a s l i g h t l y  convex 

Buchner funnel  w a s  u t i l i z e d  i n  the f i l t r a t e  formation of t h e  mat r ixes  

which would r e s u l t  i n  less ma te r i a l  being i n  the  c e n t e r  of t h e  matr ix .  
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To a l l e v i a t e  t h i s  problem, a new funnel  t h a t  has  a f l a t  i nne r  p l a t e  

w i l l  be used f o r  f a b r i c a t i o n  of f u t u r e  mat r ixes .  A new series w i l l  

be f a b r i c a t e d  and the  6 - c e l l  u n i t  reassembled, checked o u t ,  and 

subjec ted  t o  tes t  i n  the  next  per iod.  

3.3 500-Watt 34-Cell Unit 

In p repa ra t ion  f o r  t he  u l t ima te  d e l i v e r y  of a 34-cell 500W 

:=it, B new set of tankage w a s  ordered. The new tanks ,  which contained 

a smaller f l ange  t o  reduce weight ,  were f a b r i c a t e d  of  aluminum and 

n icke l -p la ted  t o  p r o t e c t  t h e  aluminum sur face .  These tanks were 

d e l i v e r e d  during t h i s  per iod .  

3.4 Potassium Titanate Analysis  

I n  o rde r  t o  o b t a i n  a b e t t e r  understanding o f  t h e  composition 

and i m p u r i t i e s  i n  the  pigmentary KT used i n  the  mat r ixes ,  a sample w a s  

submit ted t o  a n  o u t s i d e  t e s t i n g  labora tory  f o r  spec t rog raph ic  a n a l y s i s ;  

t h e  r e s u l t s  are shown i n  Table 111. 

TABLE I11 

SPEC'IROGRAPHIC ANALYSIS OF PIGMENTARY POTASSIUM TITANATE 

Titanium 47% Aluminum 0.071% Calcium 0.11% 

Potassium 17% S i l i c o n  0.042% Lead - less than  0.02% 

Magnesium 0.020% Other elements - n i l  

This  a n a l y s i s  confirmed roughly the composition of KT as suppl ied  by 

DuPont. 
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4. CONCLUSION 

From the  r e s u l t s  of s i n g l e  ce l l s  t e s t e d  i n  t h i s  per iod ,  i t  

appears  t h a t  the  oxygen e l e c t r o d e s  a r e  not  a f f e c t e d  o r  degraded by 

c y c l i n s  wi th  the  potassium-asbestos matrixes over long pe r iods  of 

accumulated cyc les .  However, t h e r e  i s  unquest ionably a gradual  degra- 

d a t i o n  i n  performance w i t h  cyc l ing  t h a t  could be a t t r i b u t e d  t o  the  

hydrogen e l e c t r o d e  o r  the ma t r ix  e l e c t r o l y t e  composition. From the  

performance of t he  hydrogen concent ra t ion  cel l  i t  appears  t h a t  degra- 

d a t i o n  i s  no t  due t o  the  hydrogen e l ec t rode ;  i t  i s  most probably due 

t o  a ma t r ix  e l e c t r o l y t e  r eac t ion .  For s t r u c t u r a l  cons ide ra t ions ,  a l l  

matrixes wi th  l o n g - l i f e  cells  have contained 10 pe rcen t  a s b e s t o s ;  i t  

i s  p o s s i b l e  t h a t  t h i s  a s b e s t o s  could be causing the  problem. A t t e m p t s  

t o  s u b s t i t u t e  polypropylene f o r  t h e  a s b e s t o s  f i b e r s  have no t  proved 

success fu l  due t o  t h e  s t r u c t u r a l  weakness of t hese  ma t r ixes  and the  

r e s u l t a n t  c r o s s  gas  leakage. 
I 

The approach of mating a sandwich mat r ix  wi th  a gas  b a r r i e r  mem- 

b rane  r e l a x e s  the  s t r u c t u r a l  requirements of t he  absorbent  matr ix .  

This  w i l l  enable  the  use of pure potassium t i t a n a t e  matrixes and o the r  

materials t h a t  normally would not  prevent c r o s s  gas  leakage on t h e i r  

own. 

Even wi th  the  degrada t ions  and problems observed, t h e  u s e  of 

ma t r ixes  of KT wi th  a sbes tos  enables the  achievement of reasonably 

c o n s i s t e n t  l i f e t i m e s  i n  excess  of 500 cyc les .  One such ce l l  has  

achieved 952 cyc les .  
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5 .  PLANS FOR THE NEXT PERIOD 

Cycling s i n g l e - c e l l  tests w i l l  be continued t o  eva lua te  KT 
matr ixes  of d i f f e r e n t  t o t a l  weight ,  e l e c t r o l y t e - t o - m a t r i x  weight  r a t i o ,  
AI-: L L L L C L ~ ~ ~ ,  c e p r e s s i o n  r a t i o ,  and add i t ions  of a sbes tos ,  Teflon, and 

o t h e r  f i b e r s  t h a t  can improve the  s t r u c t u r e  of t h e  matr ix .  Tests w i l l  

be cont inued t o  determine r e a c t i o n  and co r ros ion  r a t e  of KT wi th  KOH. 

A n a l y t i c a l  tests of matrixes removed from cyc l ing  ce l l s  w i l l  be con- 

ducted t o  determine i f  plat inum migra t ions  e x i s t  w i t h i n  t h e  matrix and 

i f  e l e c t r o l y t e  reduct ions  and consumption occur during c e l l  cyc l ing .  

Add i t iona l  membrane-sandwich mat r ixes  w i l l  be eva lua ted  wi th  d i f f e r e n t  

membrane-matrix e l e c t r o l y t e  conf igura t ions .  S i x - c e l l  u n i t s  employing 

promising e lec t rode-mat r ix  conf igu ra t ions  w i l l  be assembled and sub- 

j e c t e d  t o  l i f e  t e s t i n g  t o  o b t a i n  a d d i t i o n a l  experience and test d a t a  

of  m u l t i c e l l  u n i t s .  When s t a b l e  reproducib le  performance is obtained 

w i t h  6 - c e l l  u n i t s ,  a c e l l  conf igu ra t ion  w i l l  be f rozen  and t e s t i n g  of 

t h e  34 -ce l l  600-W u n i t  w i l l  be  i n i t i a t e d .  
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